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AERONAUTIC SYMBOLS 
I. FUNDAMENTAL AND DERIVED UNITS 



Symbol 

Metric 

English 

Unit 

Abbrevia- 

tion 

Unit 

Abbrevia- 

tion 

Length 

l 

meter 

m 

foot (or mile) 

ft (or mi) 

Time 

t 

second 

s 

second (or hour) 

sec (or hr) 

Force 

F 

weight of 1 kilogram • 

kg 

weight of 1 pound 

lb 

Power 

P 

horsepower (metric) 


horsepower. 

hp 

Speed 


/kilometers per hour 

kph 

miles per hour 

mph 

V 

\meters per second 

mps 

feet per second 

fps 


Weight =mg 

Standard acceleration of gravitv=9. 80665 m/s 3 
or 32.1740 ft/sec 2 
W 

Mass=— 

9 

Moment of inertia —mk 2 . (Indicate axis of 
radius of gyration k by proper subscript.) 
Coefficient of viscosity 


2. GENERAL SYMBOLS 
v 


Kinematic viscosity 
p Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m _i -s 2 at 15° O 
and 760 mm; or 0.002378 lb-ft" 4 sec 2 
Specific weight of “standard” air, 1.2255 kg/m 3 or 
0.07651 lb/cu ft 


3. AERODYNAMIC SYMBOLS 


Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio, ^ 

True air speed 
Dynamic pressure, - pV 2 

Lift, absolute coefficient C L ~~z^ 

Drag, absolute coefficient Cd 


Profile drag, absolute coefficient 




Induced drag, absolute coefficient C D = ^ 
Parasite drag, absolute coefficient D Dp =^ 

Q 

Cross-wind force, absolute coefficient 


it 

Q 

R 


a 

€ 

on 

Ota 


Angle of setting of wings (relative to thrust line) 
Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds number, p— where l is a linear dimen- 

r* 

sion (e.g., for an airfoil of 1 .0 ft chord, 100 mph, 
standard pressure at 15° C, the corresponding 
Reynolds number is 935,400; or for an airfoil 
of 1.0 m chord, 100 mps, the corresponding 
Reynolds number is 6,865,000) 

Angle of attack 

Angle of downwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 

Flight-path angle 
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COMPARISON OF SEVERAL METHODS OF PREDICTING THE PRESSURE LOSS AT ALTITUDE 

ACROSS A BAFFLED AIRCRAFT-ENGINE CYLINDER 

By Joseph Neustein and Louis J. Schafer, Jr. 


SUMMARY 

Several methods of predicting the compressible-flow pressure 
loss across a baffled aircraft-engine cylinder were analytically 
related and were experimentally investigated on a typical air- 
cooled aircraft-engine cylinder. Tests with and without heat 
transfer covered a wide range of cooling -air flows and simulated 
altitudes from sea level to 40,000 feet. 

Both the analysis and the test results showed that the method 
based on the density determined by the static pressure and the 
stagnation temperature at the baffle exit gave results comparable 
with those obtained from methods derived by one-dimensional- 
flow theory. The method based on a characteristic Mach num- 
ber, although related analytically to one-dimensional-flow 
theory, was found impractical in the present tests because of the 
difficulty encountered in defining the proper characteristic state 
of the cooling air. 

Although the cylinder-baffle resistance coefficient determined 
by the density method was consistent for a wide range of heat- 
transfer values, a distinct difference was observed between the 
values with and without heat transfer that could not be explained 
by one-dimensional-flow theory. Accurate predictions of alti- 
tude pressure loss can apparently be made by these methods 
provided that they are based on the results of sea-level tests with 
heat transfer. 

INTRODUCTION 

The high operating altitudes of both military and com- 
mercial aircraft have greatly increased the severity of the 
engine air-cooling problem. The decrease in the density 
of the air with increased altitude necessitates the handling 
of a greater volume of air at higher velocities and, as a 
result, the flow of cooling air within the fin passages attains 
high Mach numbers and a large decrease in the cooling-air 
density occurs across the engine. The pressure loss increases 
with Mach number and consequently a greater pressure drop 
is needed to force a given weight of cooling air across the 
engine at high altitudes than would be required for the same 
weight How of air at lower altitudes. This additional 
pressure loss, which is a function of Mach number, consti- 
tutes the compressibility effect and becomes a serious factor 
at high altitudes and high rates of heat transfer. It is 
therefore important to include the effect of Mach number in 
the prediction of cooling-air pressure-drop requirements at 
altitude. 

Several methods of eliminating the compressibility effects 
have been proposed (references 1 to 5). In references 1 and 


3, the air flow is assumed to be one dimensional and two 
different solutions for determining tin* pressure drop are 
obtained. In references 2, 4, and 5, empirical solutions are 
presented. Each of the foregoing methods is apparently 
independent, however, and their interrelation has not been 
established. The tests of reference 2, which were made 
with a section of a cylinder barrel and which showed that 
the best results would be obtained by using one of the empiri- 
cal factors, represent only an idealized situation. Tests on 
an actual aircraft-engine cylinder are therefore necessary to 
examine more thoroughly the proposed solutions to the 
compressibility problem. 

In order to evaluate by experimental data several methods 
of making compressible-flow pressure-drop predictions and 
to relate each method analytically by means of one- 
dimensional-flow theory, an investigation was conducted 
during 1 944 at the NACA Cleveland laboratory. The exper- 
imental work was done on a typical air-cooled cylinder 
enclosed in an air duct and mounted on a crankcase. The 
tests consisted in varying over a wide range the cooling-air 
pressure drop across the cylinder at cooling-air conditions 
that corresponded to altitudes varying from sea level to 
40,000 feet. The tests were made both without engine 
operation and with the engine operating at several powers 
to determine the effect of heat transfer on cooling-air pres- 
sure drop. 

SYMBOLS 

The following symbols are used in this report: 

A area, square feet 

C 3 —a 3 baffle-exit pressure-loss coefficient 

C D j,i friction-drag coefficient of fin-baffle passage based 

on average of q 2 and q 3 

c p specific heat of air at constant pressure, 0.24 Btu 

per pound per °F 

F friction-drag coefficient of fin-baffle passage (as- 

sumed constant for all elements of path) 

G cooling-air mass flow based on baffle free-flow area, 

slugs per second per square foot 
g acceleration due to gravity, 32.2 feet per second 

per second 

H heat dissipated from cylinder to cooling air, Btu 

per pound 

J mechanical equivalent of heat, 778 foot-pounds 

per Btu 
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K, C , m, experimental constants 

ft, S 

L length of fin-baffle passage, feet 

M Mach number 

p static pressure, pounds per square foot 

q dynamic pressure, pounds per square foot 

R universal gas constant 

Re Reynolds number 

T static air temperature, °R 

T fl average cylinder-head temperature, °R 

T m average cooling-air temperature in fin-baffle pas- 

sage, (T 2 +T,)l 2, °R 

T' ratio of cooling-air stagnation temperature rise 

across fin-baffle passage to static cooling-air 
temperature at baffle inlet, T 2tt )/T 2 

V cooling-air velocity, feet per second 

W cooling-air weight flow, pounds per second 

X distance along fin-baffle passage measured from 

baffle inlet, feet 

ai * * ‘ **”] coe fg c j en t, s in Maclaurin’s series 

ft • • • A.J 

7 ratio of specific heats for air, 1.395 

n cooling-air viscosity, pound-second per square foot 

p cooling-air density, slugs per cubic foot 

0 3 angle between radius drawn to rear of cylinder and 

radius drawn to pressure-measuring station at 
baffle exit, degrees 

tj ac ratio of average cooling-air density to Army stand- 

ard sea-level density 

A p pressure drop from front to rear of cylinder, pounds 

per square foot 

A T cooling-air stagnation temperature rise across cylin- 

der, °F 

Subscripts: 

b cylinder barrel 

h cylinder head 

i cooling-air flow condition without heat 

o, x characteristic condition of cooling-air flow 

^ cooling-air condition at sea level 

t cooling-air stagnation condition 

1 upstream of cylinder 

2 baffle inlet 

3 baffle exit 

4 downstream of cylinder 

ANALYSIS 

The flow* of air across a heated cylinder-baffle combina- 
tion may be considered in three subordinate processes: (a) 
the flow’ into the fin-baffle passage (entrance process), (b) 
the flow' through the fin-baffle passage (baffle-flow 7 process), 
and (c) the flow from the fin-baffle passage into the free 
stream (exit process). The flow into the fin-baffle passage 
is composed of the acceleration from the main stream to the 
baffle inlet during which the air receives some heat from the 


fins along the forward portion of the cylinder and incurs 
some pressure drop due to the friction loss along the fins 
and to the formation of the velocity profile. Local flow' 
separation from the baffle wall probably occurs just beyond 
the baffle inlet. The entrance process is considered to be 
complete when full flow within the fin-baffle passage has 
been reestablished, although the point where this process 
ends is indefinite. 

The flow through the fin-baffle passage may be compared 
with that occurring in a bent channel in which the width 
approaches the radius of curvature in magnitude. A second- 
ary flow r normal to the direction of the main flow 7 develops 
and transports low-energy air toward the inside of the bend. 
The accumulation of the low-energy air results in separation 
from the cylinder wall, usually before the baffle outlet is 
encountered. Separation will seriously modify the surface- 
friction coefficients of the channel. The flow' is further 
complicated by the heat-transfer processes and by the 
irregular fin-baffle passages. The rate of heat transfer and the 
air flow' are related through the mechanics of the boundary 
layer. Furthermore, the air acceleration resulting from heat 
addition along the fin passage causes an additional pressure 
decrease along the channel. 

The flow 7 of air from the baffle passage into the space down- 
stream of the cylinder consists of an abrupt expansion 
similar to that occurring for the flow through a channel of 
discontinuous cross section. Because of the separation of 
the flow within the baffle passage, the point at which the 
exit process begins is uncertain. It is known that little heat 
transfer takes place between the rear fins and the air leaving 
the baffle passage. 

ONE-DIMENSIONAL-FLOW THEORY METHODS 

As a means of simplifying the analysis, the fin-baffle pass- 
ages are assumed uniform in width and only the velocities in 
the main direction of flow are considered. The entrance 
process may then be assumed to consist of the addition of 
heat at constant pressure at the front of the cylinder and of 
the isentropie expansion from the front of the cylinder to the 
baffle entrance. The relation between the pressures at the 
front of the cylinder and at the baffle inlet can therefore be 
expressed as 


P2=2>i,<(l+ 7 


— 7 
|7 1 


(la) 


or, in terms of the mass flow of cooling air, equation (la) 
becomes 


G 2 


Pl.t Pi.t 7 




(lb) 


The flow' process through the fin-baffle passage can be 
mathematically represented by the differential form of the 
momentum equation modified to include the effect of friction. 
The rate of pressure drop along the channel is 
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3 


-dp 

d(X) 

L 


= F 


pV 


+ 


Jl Yl 

»d_[X) 2 

L 


(2) 


where the first term on the right side of the equation repre- 
sents the local pressure drop resulting from surface friction 
and the second term represents that due to reaction resulting 
from the local change of air density. Because the equation 
is not an exact differential, it is necessary to make either an 
assumption regarding the manner in which the heat is added 
to the air along the path or else to determine the ratio dp/p 
from the first law of thermodynamics in order that the equa- 
tion be integrable. Two assumptions regarding the manner 
in which the heat is added lead to simple solutions: (1) the 
heat is added to the cooling air uniformly along the path 
(reference 3) ; and (2) the heat is added so as to increase the 
local dynamic pressure uniformly along the path (reference 1). 

For the first assumption, equation (2) is integrated (ref- 
erence 3) as 




0 (3) 


in which the pressure ratio across the baffle passage p 3 /p 2 
is determined implicitly. The pressure drop from the main 
stream to the baffle exit is therefore 


In the case of an additional pressure recovery or loss at the 
baffle exit, the pressure at the exit and at the rear of the 
engine can be related (reference 2) by means of the momen- 
tum equation 


^-^=(C 3 -a 3 )~ 2^- 3 sin 6 3 +2 

Qs /a 4 



( 8 ) 


The angle 0 3 is usually small and 7l 4 is usually large com- 
pared with A 3 . The last two terms of equation (8) are 
consequently of secondary importance and may be neglected. 
Equation (8) then reduces to 


V -^ BA =C 3 -a 3 (9) 

In most cases, however, when no attempt is made to recover 
any of the kinetic energy at the baffle exit, the pressure 
change at the baffle exit may be entirely neglected. 

The foregoing methods of predicting pressure drop at 
altitude are complex and therefore other more simple solu- 
tions have been offered. Two such solutions make use of: 

(1) the density at the baffle exit (references 2, 4, and 5), and 

(2) a characteristic Mach number determined by a pressure 
and a temperature that exist at some point along the flow 
path (reference 2). 


Pi.t—p*=P\j 


( 


I M 
Pi ,t P 2 J 


( 4 ) 


where p 2 /p\,t is obtained from equation (lb). 

The second assumption leads to the equation (reference 2) 


P2—P z_ C D j,i ( P2, 1 \ I Q ( ?2_ 1^ 

" 2 W r U ) 


(5) 


BAFFLE-EXIT DENSITY METHOD 

A dimensional analysis of the factors that affect the 
pressure drop indicates that the pressure-drop coefficient 
Ap/q for a cylinder depends upon the Reynolds number, the 
Mach number, and the ratio of cooling-air temperature rise 
across the cylinder to the inlet cooling-air temperature. The 
pressure-drop coefficient may be written as 


Bv use of the first law of thermodynamics, equation (2) 
may also be integrated to give the familiar energy equation 


17 2 
v 2 


+~P L 1 ^+JgH=^+^ 

y — l pi 2 y — 1 


Ps 

P3 


( 6 ) 


or 


2 f 2 P -=f (Re,M, A f) 


Equations (5) and (6) can then be solved simultaneously 
with the continuity equation to give (reference 2) 


p - 2 =i +r+ 

P3 

7—1 

9 


M* 2 1-r 2 




(7) 


The density ratio from equation (7) when substituted in 
equation (5) yields the pressure drop across the baffle channel. 
The entire pressure drop is then obtained from equation (4). 

Inasmuch as equations (3), (5), and (7) all originate from 
equation (2) and differ only in the assumption regarding the 
manner in which heat is added to the cooling air, it might be 
expected that the value of the pressure drop calculated under 
either assumption will be approximately the same. The 
method using assumption (1) offers the simplest solution. 


The tests of reference 2 show that, if the pressure-drop 
coefficient is evaluated by means of the density at the baffle 
exit, the effect of Mach number will be reduced. A relation 
may be established between this simple baffle-exit density 
method and the more complicated one-dimensional-flow 
theory. The development of this relation is established as 
follows : 

If equations (1) and (5) are combined, the pressure drop 
from the free stream to the baffle exit can be expressed as 

( 10 ) 

where 
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The ratio A p/p 3 can therefore be expressed as a function of 
Ms 2 . A Maclaurin expansion of the function Ap/ps gives 


Ap 

Pz 


= ft Ms 2 + ft {M z 2 ) 2 + . . . p n (Ms 2 ) n + . . . 


(113 


The coefficients ft and ft are obtained from equation (10) 
by calculating the first and second derivatives of Ap/ps with 
respect to Ms 2 and evaluating each derivative at M 2 = 0. 
The calculation of the first and second derivatives indicates 
that equation (11) is a rapidly convergent series and conse- 
quently the first term of equation (11) gives a very close 
approximation to one-dimensional-flow theory. The first 
term gives results that differ from the results obtained by one- 
dimensional-flow theory by not more than 5 percent when 
the exit Mach number is as high as 0.7. The value of the 
coefficient ft is 

ft = 2 \ + T' °2 37 ’'J 

and the series given by equation (11) can therefore be closely 
approximated as 


Ap 

23 


~\ + T' [ ! +Cd ’'- '+ 2 ) T '~\ 


( 12 ) 


Equation (12) indicates that the coefficient A p/qs is a function 
of only the heat dissipated and the drag coefficient. For the 
case of no heat transfer T' = 0, equation (12) becomes simply 




(13) 


The relation between the pressure- drop coefficients with and 
without heat transfer can be found, from equations (12) and 
(13), to be 


Ap/Ap\ 1-+(T 7 2) 3 T' 

23 \ 23 ) i 1 + 7 ' 2 1 — | -T' 


(14) 


It therefore appears possible, in addition to correcting for 
compressibility effects, to obtain the pressure-drop coefficient 
Aplqs on a cold cylinder and then to calculate the coefficient 
with heat transfer from equation (14). 

CHARACTERISTIC MACH NUMBER METHOD 

A second empirical method of eliminating compressibility 
effects uses a compressibility correction factor to relate the 
pressure drops for compressible and incompressible flow as 


Ps A p s 


Ap 

where M 0 is a Mach number characteristic of the flow at 
some point along the fin-baffle passage (reference 2). A rela- 
tion between this method and one-dimensional-flow theory 
also exists and can be shown as follows: If the Maclaurin 
expansion is developed in terms of a Mach number charac- 


teristic of the flow at some point x along the fin-baffle passage 
M x , the following series results: 


Ap 


= a l M x 2 +a 2 (M x 2 ) 2 + . . . a n {M x 2 r+ . . . (15) 


Equation (15) may be divided by M x and the resulting 
series inverted and squared to give 

UkK'r 2 :>•"■■) (O’ 

where powers of M x greater than 2 are neglected. 

The square root of the foregoing equation is then 


-jA- = a/ 1 - 2 — M * 2 

Ap/q x 2 <*! V ati 


(16) 


For the same air flow at sea level, the characteristic Mach 
number is very small and 


1 _ 7 

Ap*/q s 2 a x 


Consequently 


A P = 


Ps 

Px 


A ps 


-» / 1 — 2 — Mr 
V «i 


(17) 


The definition of the characteristic Machmumber can be 
chosen to make a 2 /cti= 1/2. Equation (17) then ^reduces to 
the form given in reference 2: 


Ap 


_ ps a p t 




(18) 


A trial-and-error method must be used to determine from 
experimental data the characteristic Mach number for a 
particular cylinder-baffle arrangement in order that equation 
(18) be valid. Equation (18) may be analytically applied 
bv using conditions at the baffle exit as those characteristic 
of the flow. Thus in equation (17) 


and 


In general, 


and therefore 


«i=ft 


<*2= ft 


ft 

ft ^2 


2 v 1 

^2 


The application of equation (18) should then give higher 
predicted pressure-drop values than equation (17) when the 
baffle-exit density determines the characteristic state. 
Satisfactory results were obtained (reference 2) when the 
characteristic state was determined by the stagnation pres- 
sure upstream of the cylinder, the stagnation temperature 
downstream of the cylinder, and the mass flow of cooling air. 
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APPLICATION OF BAFFLE-EXIT DENSITY METHOD 


Two methods of applying the one-dimensional-flow theory 
are presented in references 1 and 3, but the use of the baffle- 
exit density method is impracticable because the static tem- 
perature at the baffle exit is difficult to measure. The stag- 
nation temperature at the baffle exit can be measured and if, 
in the pressure-drop coefficient, the true baffle-exit density is 
replaced by the density determined by the static pressure 
and the stagnation temperature at the baffle exit, the value of 
the coefficient will closely approximate that obtained by 
means of one-dimensional-flow theory. If this density is 
designated ~ 3 , the corresponding Mach number and velocity 
pressure M z and q z are given by 


M 3 2 = 


G 2 

rPm 


and 


- G 2 

23 = 9 - 
^P3 


From the previous analysis, the new coefficients ft and ft in 
the series expansion given by equation (11) are 

ft — ft 


and 

ft — 0.4ft 


The use of either q 3 or g 3 thus gives the same degree of approx- 
imation to one-dimensional-flow theory. 

A simple method of predicting the pressure drop based on 
the density p 3 can now be used. In the case where the 
pressure loss at the baffle exit is small, the cylinder pressure 
drop is simply 


or 


Pi,t—Pz 

Ap 


1 


(19) 


When a significant pressure change occurs at the baffle exit, 
the ratio given by equation (19) will differ from unity. If 
the assumption is made that the percentage of the over-all 
pressure drop which occurs at the baffle exit will not change 
with altitude, equation (19) may be expressed generally as 


Then 


A p 


P3=Pi,-KAp 


( 20 ) 


The pressure-drop coefficient A pfq 3 , or 2p 3 Ap/6r 2 , is a func- 
tion of the Reynolds number. For a given fin-baffle arrange- 
ment, however, the characteristic length is fixed and con- 
sequently the Reynolds number varies only with the mass 
flow of cooling air G and the cooling-air viscosity p; therefore, 
if the Reynolds number at sea level and at a given altitude 
are equal, the mass flow of cooling air at the altitude condi- 
tion can be reduced to the equivalent mass flow of cooling 
air at sea level frp s /p 0 . The quantity p s is the standard 
sea-level viscosity and p 0 is the actual viscosity at altitude or 


at the condition under which pressure-drop computations 
are made. The pressure-drop coefficient Apfqz may thus 
be written as 



The stagnation temperature at the baffle exit is assumed 
equal to the downstream stagnation temperature and is 
obtained from sea-level heat-transfer data. The heat dis- 
sipated per pound of cooling air is calculated by means of 
stagnation temperatures (reference 6) and is given by 

H=c p (T Ztt —T lti ) (22) 

The value of TI can also be expressed in a manner similar to 
that of reference 7 as 


H=SG m (T h —T ut ) (23) 

where S and m are constants determined from sea-level tests. 
The solution of equations (22) and (23) for T z , t gives 

T s , t =~ {Tn-T^ + T^ (24) 

C p 


which is the value of T Ztt at the baffle exit of the cylinder 
head. A similar expression will hold for the barrel. 

The density p 3 is expressed as 


_ _ Pz _ Pi, t —KAp 

p3 ~~RT 3 ,- RT 3 , t 


(25) 


The substitution of this relation in equation (21) gives 

which, when solved for Ap, becomes 

Ap= m | Pu-[pu t 2 -2KRT 3 ,,GJ^G^J'^ (27) 

The value of G is obtained from the basic cooling-correla- 
tion equation (reference 7) and the viscosity ratio is calcu- 
lated from the average of the cylinder-head or cylinder-barrel 
temperatures and the cooling-air temperature. The coeffi- 
cient 2~piAp/G 2 is obtained from a sea-level calibration curve 
based on tests with heat transfer and the value of K is also 
determined from sea-level data, although in most cases K 
will probably be sufficiently close to unity that it may be 
neglected. The altitude and the pressure rise in front of 
the engine due to the velocity of the airplane determine the 
value of pu and the pressure drop across the engine can 
then be evaluated from equation (27). 


APPARATUS AND INSTRUMENTATION 

Test equipment. — The accuracy of the various methods 
of estimating the effect of altitude on the relation between 
the pressure drop and the cooling-air weight flow was in- 
vestigated on a rear-row cylinder from a typical 18-cylinder 
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air-cooled engine equipped with standard flight baffles 
(fig. 1) and mounted on a converted multicylinder crank- 
case. Front-row baffles were installed upstream of the test 
cylinder to simulate flight air-flow conditions. The cylinder 
was enclosed within an airtight duct through which cooling 
air was supplied at temperature and pressure conditions 
ranging from sea level to 40,000 feet. Automatic controls 
in the air-supply system maintained the cooling-air condi- 
tions upstream of the cylinder within ±0.05 inch of 
mercury and within ±4° F of the desired values. The 
quantity of cooling air was measured by means of an ad- 
justable orifice located upstream of the test section and the 
pressure drop across the orifice was indicated by an alcohol- 
filled micromanometer. The cooling-air-weight measure- 
ments were accurate within ±1 percent. A straight section 
of pipe extended approximately 10 diameters in front of the 
cylinder. The power developed by the engine was absorbed 
by a dynamometer and an inductor coupled as a unit. 

Cylinder instrumentation. — The cooling-air pressures at 
the baffle inlet and exit were measured with open-end tubes 
located as shown in figure 2. The tubes had a wall thickness 
of 0.006 inch and an outside diameter of 0.040 inch and 
were placed midway between the fin root and the fin tip. 
Static pressures, which were taken only at the baffle exit, 
were measured by open-end tubes placed flush with the fin 
surfaces as shown in figure 2 (c). The total-pressure and 
static-pressure tubes at the baffle exit were located in 
adjacent fin spaces. The pressure drop across the cylinder 
was indicated by the pressure difference between two static 
piezometer rings located upstream and downstream of the 
cylinder. Each ring consisted of four interconnected taps; 
one tap was located in each of the four sides of the cooling-air 
duct. 

The cooling-air temperature at the front of the cylinder 
was measured by two iron-constantan thermocouples located 
in the center of the cooling-air duct 2% feet in front of the 
cylinder. The temperature of the cooling air leaving the 
cylinder was measured by shielded iron-constantan thermo- 
couples placed at four locations behind the cylinder head 
and at four locations behind the cylinder barrel. Cylinder tem- 
peratures were measured by iron-constantan thermocouples 
peened into the cylinder at 22 places on the head and 10 
places on the barrel. The location of the cylinder thermo- 
couples was similar to that shown in figure 7 of reference 8. 

EXPERIMENTAL METHODS AND CALCULATIONS 

The validity of the one-dimensional-flow analyses may be 
established by showing that the coefficients C DJti and F are 
functions of only the Reynolds number and are independent 
of compressibility effects. If such a relation exists for 
C DJ 'i and F , then from the analysis the pressure-drop 
coefficient A p/q^ will be approximately independent of com- 
pressibility effects, but the extent to which the compressi- 
bility effects are eliminated must be experimentally demon- 
strated. An investigation must also be made to determine 
whether, for an actual cylinder, a characteristic Mach number 


can be found that is suitable for use in the correction factor 
po^\—M 0 2 . The effect of heat transfer on each of the 
foregoing methods of estimating pressure drop must also be 
determined. 

Investigations were conducted to obtain data permitting 
evaluation of the drag and cylinder pressure-drop coefficients 
over a wide range of air flows. 



(a) Top view. 

(b) Rear view. 


Figure 1 .— Cylinder and flight baffles installed in jacket. 
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Runs without heat transfer. — -Runs were first conducted 
without heat transfer. The flow of cooling air over the 
cylinder head and barrel was separately determined by 
blocking each section and causing the air to How over only 
the unblocked section. The air flow across the flange and 
the barrel was separated in order that a more accurate value 
of the mass velocity of the cooling air G might be determined 
for the barrel without the flange. 

The entire cylinder was also blocked to determine the 
leakage around the outside of the baffles. In each case the 
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Figuke 2.— Pressure-tube locations on test cylinder with flight baffles. 
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cooling-air weight, the pressure and the temperature at the 
front of t lie cylinder, the pressure at the rear of the cylinder, 
and the pressures at the baffle inlet and at the baflle exit 
of the unblocked section of the cylinder were measured. 
These tests were conducted at density altitudes correspond- 
ing to sea level, 15,000, 30,000, and 40,000 feet based on 
Army standard summer-air temperatures. 

Runs with heat transfer. — Runs at these same altitudes 
were conducted at four engine powers. In addition to the 
measurements taken during the tests without heat transfer, 
the cooling-air temperature at the rear of the cylinder was 
recorded. Because the distribution of the cooling air be- 
tween the cylinder head and the cylinder barrel could not 
be determined, the total cooling-air flow over the entire 
cylinder was measured. 

Calculations (data without heat transfer).— The evalua- 
tion of the drag coefficient C D ,f.i requires that the state of 
the cooling air at the baffle inlet and exit be known. For 
tests without heat transfer, the values of C DJti were found 
from equation (5), which can be more conveniently written as 

2p 2 (p^jh} = C I , f . l ^? +1 ) +2 j) (28) 


barrel could not be individually measured. The pressure- 
drop coefficient Ap/q 3 , however, was evaluated for the cylin- 
der as a whole; the stagnation temperature at the rear of 
the cylinder was used for T 3t . 

In order to examine still further the effect of heat transfer, 
the pressure drop required with heat transfer at altitude was 
calculated by each method except the one utilizing the char- 
acteristic Mach number. A method of successive approxi- 
mations w r as used to determine the distribution of cooling 
air across the head and barrel. The distribution w'as first 
assumed to be the same as that found in the tests without 
heat transfer and corresponding values of pressure drop 
across the head and barrel were calculated by equations (5), 
(7), and (9). The experimental pressure drops across the 
head and the barrel were the same and therefore any differ- 
ence in the calculated values was assumed to result from a 
change in the cooling-air distribution obtained from tests 
without heat transfer. A correction to the air distribution 
was made by adjusting the assumed barrel air flow until the 
pressure drop across the barrel agreed with that for the head. 

Pressure-drop predictions by means of the method based 
on the static pressure and the stagnation temperature at the 
baffle exit w r ere made from equation (27). 


The values of G for the cylinder head and barrel were calcu- 
lated from the measured cooling-air weight and the free-flow 
area of the fin-baffle passage. The density at the front of 
the cylinder w as determined from the measured pressure and 
temperature at that point and the pressure p 2 was then ob- 
tained from equation (lb). The temperature at the baffle 
inlet followed from the isentropic temperature-pressure 
relation and the density p 2 Avas evaluated from the values 
of p 2 and T 2 . Experimental values w r ere used for p 3 . The 
density ratio p 2 /p 3 and C D j ti were then evaluated by means 
of equation (28) and the curves of figure 5 in reference 1. 

In reference 3, the calculation of the pressure drop across 
the cylinder was simplified by evaluating the pressure drop 
exactly by means of equations (lb), (3), and (4) and then 
plotting the ratio A p/p\, t as a function of its value at low 
Mach numbers 


G 2 

2pi,rPi,r 




Curves of this type, using AT/Ti it and F as parameters, are 
given in figure 10 of reference 3. The coefficient F was 
determined from these curves for known values of A p, pi tt} 
p lit , and T ltt . The cooling-air temperature rise AT was 
zero for the tests without heat transfer. 

The pressure-drop coefficient A p/q 3 , or 2p 3 Ap/GP, w r as eval- 
uated from measured values of G, A p ) p 3 , and T Xtt ] the tem- 
perature Ti tt was used instead of T 3it for the data without 
heat transfer. 

The characteristic Mach number factor p 0 ^l — M 0 2 was 
evaluated from measured values of G, pi ft) T ut , and the curves 
of figure 2 in reference 2. 

Calculations (data with heat transfer). — The coefficients 
C Dtfti and F could not be directly determined for the data 
with heat transfer because the air flow' over the head and 


RESULTS AND DISCUSSION 

EVALUATION OF DATA 

The usual manner of calibrating the air flow' over the 
head and the barrel of a cylinder consists in plotting the 
cooling-air weight flow against the product of the cooling-air 
pressure drop and the ratio of the mean of the inlet and exit 
densities to the standard sea-level air density. Curves of 
this type were determined (fig. 3) for several altitudes with 



Figure 3.— Calibration curve of cooling-air weight flow; data without heat transfer. 

data obtained without heat transfer. The w'ide systematic 
variation indicates that a sea-level calibration of this type 
cannot be used accurately at any altitude beyond the value 
of pressure drop at which the deviation from the sea-level 
curve is significant. The divergence of the altitude curves- 
w'ill increase with the addition of heat. Similar compressi- 
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bility effects were observed in the tests of reference 2. The 
methods that account for these compressibility effects may 
be evaluated by observing whether the data for all altitudes 
fall on one curve or, more precisely, if the drag or pressure- 
drop coefficients used are functions of only the Reynolds 
number. An uncorrected compressibility effect exists if, 
in the plot of drag or cylinder pressure-drop coefficient 
against Reynolds number (proportional to GW Mo), the alti- 
tude data at high air flows indicate a rising curve. The 
greater the deviation of this rising curve from the sea-level 
curve the greater is the inaccuracy in the method of correc- 
tion. 

One-dimensional-flow processes (without heat transfer). — 

The relation between C Difil and the corrected mass flow of 
cooling air (proportional to the characteristic Reynolds 
number) shows no definite trend with altitude (fig. 4) and is 



C Slugs / (sec) (57 ft) 

h 0 

Figure 4. — Variation of friction-drag coefficient Cdj.i with corrected mass flow of cooling 
air; data without heat transfer. 


therefore considered independent of compressibility effects. 
The curves on this and subsequent figures are drawn through 
the sea-level data. The dispersion of the data at high 
values of air flow across the cylinder head is explained by 
the unsymmetrical fin passages on the head. The friction- 
drag coefficient C DJti based on the mean of the dynamic 
pressures at the baffle ends, can be evaluated more accurately 
when the exit conditions are uniform, as on the cylinder 
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Figure 5.— Variation of baffle-exit pressure-loss coefficient with corrected mass flow of cooling 
air; data without heat transfer. 


barrel, than when they are exceedingly nonuniform due to 
unsymmetrical fin passages, as on the cylinder head. 

The data points for the coefficient of pressure change 
across the baffle exit C%— a 3 scatter somewhat (fig. 5) for 
both the cylinder head and barrel but the values are small 
compared with the baffle pressure-drop coefficients and may 
be neglected for the cylinder head. The relative magnitude 
of the pressure loss across the fin-baffle passage of the barrel 
and across the entire cylinder may be seen by plotting the 
ratio (pi, t —p*)lAp against Ap/p Ut , as in figure 6. The pres- 
sure loss across the barrel baffle exit is about 10 percent of 
the entire cylinder pressure loss and therefore cannot be 
neglected in accurate calculations involving this particular 
cylinder barrel. Because the exit loss is a small part of 
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Figure 6.— Relation between pressure loss across fin-baffle passage of cylinder barrel and 
pressure loss across entire cylinder; data without heat transfer. 
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Figure 7.— Variation of over-all pressure-loss coefficient with corrected mass flow of cooling 
air for one-dimensional-flow method assuming uniform dynamic pressure rise along fin- 
baffle passage; data without heat transfer. 


the entire loss, moderate inaccuracies in the exit coefficient 
will have only a slight effect on the over-all pressure-loss 
coefficient. The sum of the pressure-loss coefficients for 
the entrance process, the baffle flow process, and the exit 
process gives the over-all pressure-loss coefficient (reference 
2) as 

" P qF - — a 3 ) (29) 

where the exit coefficient given by equation (9) is used in 
place of the coefficient given by equation (8). The variation 
of the over-all pressure-loss coefficient with the corrected 
mass flow of cooling air is shown in figure 7 for the cylinder 
head and barrel. The correlation of the pressure-loss coeffi- 
cients is satisfactory for all altitudes although a slight uncor- 
rected compressibility effect for the cylinder head appears 
at 80,000 feet. This slight discrepancy may be neglected 
inasmuch as the effect does not appear at an altitude of 
40,000 feet. 

In the application of the one-dimensional-flow analysis, 
assuming uniform heat addition (reference 3), the value of 
the friction-drag coefficient F is derived from the over-all 
pressure drop instead of the pressure drop across the baffle 


passage; consequently, when there is no heat transfer an 
equality exists between the over-all pressure-loss coefficient 


2pA p _ 

G- ' 


F 


and the over-all pressure-loss coefficient of equation (29). 
This observation is substantiated by comparing the relation 
between the coefficient 1+F and the corrected mass flow 
of cooling air (fig. 8) with the similar relation for the coefficient 
1 -\~Cdjj-\- (C z — a 3 ) (fig. 7). 

Density-correction method (without heat transfer). — 

The pressure-loss coefficient based on the density determined 
by the static pressure and the stagnation temperature at the 
baffle exit is plotted against the corrected mass flow of 
cooling air in figure 9. The similarity between the relations 
shown in figures 7 to 9 substantiates the relation given by 
equation (13), which showed that without heat transfer the 
pressure-loss coefficient 2p z Ap/G 2 is very nearly 1 -\-C Dtfti . 
Therefore, when the baffle-exit coefficient is small, the density 
correction based on the static pressure and the stagnation 
temperature at the baffle exit provides a very close approxi- 
mation to either of the one-dimensional-flow methods. 



./ .£> .4 .6 . 8 LO 


G —■ , s / ugs/(s e c)(s q ft) 


Figure 8.— Variation of over-all pressure-loss coefficient with corrected mass flow of cooling 
air for one-dimensional-flow method assuming uniform temperature rise along fin-baffle 
passage; data without heat transfer. 
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Figure 9.— Variation of pressure-loss coefficient based on static pressure and stagnation 
temperature at bafffe exit with corrected mass flow of cooling air; data without heat transfer. 



Figure 10.— Variation of pressure-loss coefficient based on downstream density with cor- 
rected mass flow of cooling air; data without heat transfer. 


The pressure-drop coefficient based on the downstream 
density was evaluated and is plotted in figure 10 to demon- 
strate the effect of the baffle-exit coefficient on correlating 
altitude-pressure-loss data. Because the pressure change 
across the baffle exit of the cylinder head is negligible, the 
results for the head are nearly the same as the density cor- 
rection of figure 9. A measurable change of state takes 
place at the baffle exit of the cylinder barrel and the use of 



Figure 11. — Variation of pressure-loss coefficient based on characteristic Mach number 
with corrected mass flow of cooling air; data without heat transfer. 


the downstream density overcorrects for the compressibility 
effect. The additional loss at the exit, however, can be 
accounted for by the use of the factor K in equation (27). 

Characteristic Mach number (without heat transfer). — 
The incompressible-flow pressure-drop coefficient 
2p 0 ^l — M 0 2 Ap/G 2 was evaluated by means of the upstream 
stagnation pressure and the downstream stagnation tem- 
perature and is plotted in figure 1 1 against the corrected 
mass flow of cooling air. The lack of correlation of the alti- 
tude data clearly shows that the effect of compressibility has 
not been eliminated. 
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A trial-and-error method is required to determine the 
characteristic state that insures satisfactory application of 
the Mach number correction factor. The state determined 
by the upstream stagnation pressure and the downstream 
stagnation temperature, which gave good results in the tests 
of reference 2, does not appear to be generally applicable to 
all types of fin-baffle arrangement. Evaluation of the 
present data using various characteristic states gave results 
that varied from those shown in figure 11 to a complete 
inversion of the same figure in which the compressibility 
effects were overcompensated. It must therefore be con- 
cluded that this type of correlation is not generally practical 
because of the difficulty in determining the characteristic 
state. 

Application of methods to flow with heat transfer. — 

Because separate measurement of the cooling-air flow over 


the head and the barrel was impossible for the tests with 
heat transfer, the coefficients C Dtfti and F could not be 
evaluated. The combined flow over the head and barrel 
was, however, obtained and used to show the effect of heat 
transfer on the pressure-drop coefficient based on the density 
determined by the average static pressure and the stagnation 
temperature at the baffle exit. The data were also evaluated 
by means of the downstream density. The average pressure- 
drop coefficients for the cylinder head and barrel combined 
are plotted in figure 12 as a function of the corrected average 
mass velocity of cooling air and are compared with the 
results without heat transfer. Except for the small com- 
pressibility effect for high air flows at 30,000 and 40,000 feet, 
which is evidenced by the slight upward trend of the data, 
figure 12 (a) indicates that the pressure-drop coefficient 



(a) Based on static pressure and stagnation temperature at baffle exit; data with heat 

transfer. 

(c) Based on static pressure and stagnation temperature at baffle exit; data without 
heat transfer. 


(b) Based on downstream density; data with heat transfer. 

(d) Comparison of pressure-drop coefficients based on static pressure and stagnation 
temperature at baffle exit with and without heat transfer. 


Figure 12. — Pressure-drop coefficients for combined head and barrel determined with and without heat transfer. 
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based on the static pressure and the stagnation temperature 
at the baffle exit is independent of both altitude and wide 
variations in heat transfer. The pressure-drop coefficient 
based on the downstream density (fig. 12 (b)) also appears 
to be unaffected by wide variations in heat transfer but, 
because of the pressure loss at the baffle exit of the barrel, the 
data for 30,000 and 40,000 feet fall below that at 15,000 feet 
and sea level at high air flows. The maximum spread of the 
data at 40,000 feet is W/* percent. 

The average cylinder pressure-drop coefficient based on 
the average static pressure and the stagnation temperature 
at the baffle exit of the cylinder was evaluated for the data 
without heat transfer (fig. 12 (c)) and the mean relations 
with and without heat transfer are compared in figure 12 (d). 
A comparison of figures 12 (a) and 12 (c) shows an increased 
compressibility effect at 40,000 feet resulting from the addi- 
tion of heat. The primary effect of heat transfer, however, 
was to raise the level of the pressure-drop coefficient; the 
difference between the coefficients with and without heat 
transfer became greater at low mass flows. The difference 
is much larger than predicted by equation (14). It appears 
that the increase in the pressure-drop coefficient occurs 
abruptly and that additional heating effects do not occur 
beyond the point of transition. The transition apparently 
results at engine conditions below normal operation and 
therefore is of no significance in practice. 

COMPARATIVE ACCURACY OF CORRECTION METHODS 

The effectiveness of each method of estimating the cooling- 
air pressure drop without heat transfer was evaluated by 
determining from figures 7 to 10 the percentage deviation 
of the altitude data from the sea-level calibration. Only the 
cylinder head was considered because it is usually the critical 
part. Points were taken at values of Ap/p l t =0.2, 0.3, 0.4, 
and 0.5. The method based on the characteristic Mach 
number correction p 0 -\ll—M 0 2 was not evaluated because of 
the obvious lack of correlation shown by figure 11. The 
results are presented in the following table: 


(4- above sea-level curve; — below sea-level curve] 


Altitude 

(ft) 

One-dimen- 
sional-flow 
method based 
on F 

One-dimen- 
sional-flow 
method based 
on Co,f,i 

Density meth- 
od based on 
static pressure 
and stagnation 
temperature at 
baffle exit 

Density meth- 
od based on 
downstream 
density 

Ap/pi,i=0.2 

15. 000 

4-6.0 

4-6.6 

4-5.4 

4-5.3 

30, 000 

4-2.9 

4-2.8 

0 

0 

40, 000 

4-2.2 

-4.3 

-7.0 

-4.4 

Ap/pi,<=0.3 

30,000 

4-6.3 

4-6. 9 

4-6.3 

+8.1 

40.000 

4-2.8 

0 

-1.7 

-1.1 

Ap/pi,<=0.4 

30,000 


4-8.7 

4-9.3 

+ 11.0 

40,000 


0 

0 

-4.4 

Ap/pi,<=0.5 

30,000 


+9.9 

4-11.1 

+12.7 

40, 000 


0 

0 

-5.0 


At 30,000 feet, all methods show a systematic increase in 
the deviation from the sea-level curve as the value of Ap/pi tt 
increases. At 40,000 feet, the density-correction methods 
and the one-dimensional-flow methods are equally accurate 
for all values of Aplp Xtt considered. The results for the 
method assuming uniform heat distribution were extended 
only to Ap!pi %1 =0.?>, which was approximately the maximum 
value used in the curves of reference 3. It appears, however, 
that this method will lie applicable over the same range as 
the other methods. Estimates of pressure drop can therefore 
be made with the same accuracy by either the density- 
correction or the one-dimensional-flow methods. 

A further comparison of the methods of estimating cooling- 
air pressure drop was made for tests with heat transfer by 



Figure 13.— Cooling-air temperature rise across cylinder head and barrel as function of com- 
bined head and barrel cooling-air flow. Cylinder brake horsepower, 56. 

comparing the experimental pressure-drop data with pressure- 
drop values for similar cooling-air and engine conditions 
calculated with calibration curves obtained without heat 
transfer. For each method of predicting pressure drop, the 
calculations were made at altitudes of 15,000 and 40,000 feet 
and at a cylinder brake horsepower of 56 to determine the 
pressure drops corresponding to given weights of cooling 
air flowing over the cylinder. The mass flow of cooling 
air was corrected for variation in viscosity caused by the 
addition of heat. The magnitude of the temperature rise 
across the cylinder at the power used in the calculations is 
shown in figure 13. Calculations were also made from the 
calibration curve of figure 3, which is based on the average 
cooling-air density across the engine. For this method an 
equation of the form 

W=C(crAp) n (30) 

was used. The values of C and n were determined from the 
sea-level curve of figure 3; consequently, equation (30) can 
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l)e written 

11 0.406 (<r a r Ap) 0 ' 51 7 (31) 

where Wn+b is the combined air flow over the head and the 
barrel. 

The comparison of experimental and calculated results 
(fig. 14) shows that the experimental pressure-drop values 
are 10 to 15 percent higher than those calculated by any of 
the methods. The calculations were made with the curves of 
pressure-drop coefficients obtained from the tests without 
heat transfer. The results are the same as those indicated 
in figure 12 (d). More accurate estimates of pressure drop 
can be made if the pressure-drop coefficients are obtained 
from curves based on tests with heat transfer. This observa- 
tion was verified by calculating the pressure drops from the 
heat-transfer curve of figure 12 (d). A comparison of the 
calculated pressure drops with the experimental results (fig. 
15) shows that the agreement is good. Similar results are 
to be expected if C DJA and Fare obtained from heat-transfer 
data. Accurate pressure-drop predictions can therefore be 
made by either of the one-dimensional-flow methods or by the 
density-correction method given in equation (27) if the 
pressure-drop coefficients are determined from sea-level tests 
with heat transfer. 


o Experimental 

One-dimensional- flow method based on coefficient' 

1 * Cd./, i + (^3 ~ a 3) 

One-dimensional- flow method based on coefficient_ 

1 +F 

Density method based on static pressure and 

stagnation temperature at baffle exit— 

A verage- density method 



O A .8 1.2 1.8 2.0 2.4 

Cooling- air flow over head and barrel, W K . b , Ib/sec 

Figure 14.— Comparison of experimental and calculated pressure drops; calculations based 
on pressure-drop coefficients obtained from test data without heat transfer. Cylinder brake 
horsepower, 56. 



Figure 15.- Comparison of experimental pressure drops and pressure drops calculated by 
density method based on static pressure and stagnation temperature at baffle exit; 
pressure-drop coefficients obtained from tests with heat transfer. Cylinder brake horse- 
power, 56. 

Figure 15 further substantiates the accuracy of the density 
method for predicting pressure loss across an air-cooled 
cylinder at altitude. This method has the advantage of 
simplicity over the methods derived from one-dimensional- 
flow theory. 

SUMMARY OF RESULTS 

A comparison of methods for predicting the compressible- 
flow pressure loss across a baffled, air-cooled cylinder and the 
evaluation of these methods by test data gave the following 
results: 

1. The methods based on the density determined by the 
static pressure and the stagnation temperature at the baffle 
exit and the characteristic Mach number were shown by 
analysis to be close approximations to the methods derived 
by one-dimensional-flow theory. 

2. The experimental results obtained without heat transfer 
showed that the density method based on the static pressure 
and the stagnation temperature at the baffle exit and the 
methods derived by one-dimensional-flow theory sufficiently 
eliminated the compressibility effects for the flow across both 
the head and the barrel of the cylinder. The use of the 
characteristic Mach number was found impractical because 
of the difficulty encountered in determining the characteristic 
state. 

3. The pressure change across the baffle exit was negligible 
for the cylinder head but amounted to approximately 1 0 per- 
cent of the total-pressure loss for the cylinder barrel. 
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4. The use of the density at the rear of the cylinder for the 
cylinder tested was satisfactory for the cylinder head but 
was slightly in error for the cylinder barrel. 

5. The tests with heat transfer showed that the cylinder 
pressure-drop coefficient increased as a result of the addition 
of heat. The difference between the pressure-drop coeffi- 
cients determined with and without heat transfer became 
greater as the mass flow of cooling air decreased. The differ- 
ence was much greater than that predicted from one- 
dimensional-flow theory. 

6. Because of the unaccountable effect of heating, the 
use of the pressure-drop coefficients found from tests without 
heat transfer to predict pressure-drop requirements over a 
wide range of air flow at 15,000 and 40,000 feet for a given 
engine power resulted in an underestimation of the pressure 
drop by 10 to 15 percent. Predictions differing less than 
10 percent from the experimental results were made by using 
the pressure-drop coefficients obtained from tests with heat 
transfer. 

CONCLUSIONS 

1. In order to make accurate compressible-flow pressure- 
drop predictions with the methods presented, the cylinder 
pressure-drop coefficient should be evaluated from tests with 
heat transfer. 

2. The cylinder pressure-drop coefficient based on the 
static pressure and the stagnation temperature at the baffle 
exit can be used to make compressible-flow pressure-drop 


predictions with the same accuracy as the methods derived 
by one-dimensional-flow theory. 


Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, October 9 , 191^5. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 


Axis 

Designation 

Sym- 

bol 

Longitudinal 

X 

Y 

Z 

Lateral 

Normal 



Force 
(parallel 
to axis) 
symbol 

Moment about axis 

Angle 

Velocities 

Designation 

Sym- 

bol 

Positive 

direction 

Designa- 

tion 

Sym- 

bol 

Linear 
(compo- 
nent along 
axis) 

Angular 

x 

Rolling 

L 

Y >Z 

Roll.. . 

<p 

u 

V 

Y 

Pitching 

M 

Z >X 

Pitch 

d 

V 

Q 

Z 

Yawing 

N 

X >Y 

Yaw 

* 

w 

1 

r 


Absolute coefficients of moment 

fi j* fi M p N 

Cl ~qbS n ~qbS 

(rolling) (pitching) (yawing) 


Angle of set of control surface (relative to neutral 
position), o. (Indicate surface by proper subscript.) 


4, PROPELLER SYMBOLS 


D 

V 

Diameter 
Geometric pitch 


P 

p 

Power, absolute coefficient Cp= 

p/D 

V' 

Pitch ratio 
Inflow velocity 


C 8 

5 IqV 5 

Speed-power coefficient = ^ ^ 2 

V. 

Slipstream velocity 


V 

Efficiency 

T 

Q 

Thrust, absolute coefficient C T Z 
Torque, absolute coefficient C Q 

T 

~ P n 2 D i 

_ Q 

~ P n t U‘ 

n 

$ 

^Revolutions per second, rps 
Effective helix angle = tan 1 ^ 27 rm) 


5. NUMERICAL RELATIONS 


1 hp=76.04 kg-m/s = 650 ft-lb/sec 
1 metric horsepower =0.9863 hp 
1 mph= 0.4470 mps 
1 mps=2.2369 mph 


1 lb=0.4536 kg 
1 kg=2.2046 lb 
1 mi= 1,609.35 m=5,280 ft 
1 m=3.2808 ft 




